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A FLIGHT INVESTIGATION 0? EXHAUST-HEAT BE- ICING 
By Lewis A. Rodert and Alun R. Jones 

SUMMAEY 



The national Advisory Committee for Aeronautics has 
conducted exhaust-heat de-icing tests in flight to provide 
data needed in the application of this method of ice pre- 
vention. The capacity to extract heat iron the exhaust 
gas for de-icing purposes, the quantity of heat required, 
and other factors were examined. The results indicate 
that a wing-heating system employing a span wise exhaust 
tube within the leading edge of the wing removed 50 to 35 
percent, of the heat from exhaust gas entering the wing* 
Lata are given from which the heat required for ice pre- 
vention can he calculated. Sample calculations have been 

engine power 

made on a "bssis of existing ratios to snow 

wing area 

that sufficient heating can be obtained for ice protection 
on modern transport airplanes, provided that uniform dis- 
tribution of the heat can be secured. 

Ii'TRCLUCTIOlT 

Previous NACA investigations (references 1 and 2) 
have indicated that the use of exhaust heat offered a prac- 
tical means of providing ice protection to the airplane 
wing, but it has been fov.nd. that additional data were ne- 
cessary before full-scale application of this means could 
be undertaken. Tests have been made to determine how much 
heat can be taken from the exhaust gas and how much heat 
is required for ice 'protection. In addition, some obser- 
vations -were made on trie temperature-distribution charac- 
teristics of model wings, the nature of the mechanics of 
ice prevention and removal, and methods of control in ex- 
haust heating systems to aid in the interpretation of the 
data. Calculations were made to determine the applicabil- 
ity of the present result to several modern transport air- 
planes . 
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APPAHJLTTJS A1TD TESTS 



The tests were conducted in flight on a model wing 
having an HACA 0012 section, a span of 4 feet, and a chord 
of Z feet. The model wing was, mounted between the wings 
on an &BM Bavy biplane. The general view of the test ap- 
paratus is shown in figure 1. Figure 2(a) shows the model 
on the airplane, and figure 2(b) illustrates the interior 
construction of the model wing. The construction was 
similar to that used in all-metal wings having two spars 
and stressed skin. End plates were employed in order to 
preserve, as much as possible, the two-dimensional air- 
flew characteristics. Luring on? cf the first flights, 
the outboard end plate was insulated from the wing to 
determine whether the heat flow from these plates should 
be considered, but it was found tc be negligible. 

In the tests c ondUC ted to dote rm i ne d h ow much h 3 at 
could be extracted from the exhaust gas, an exhaust tube 
was placed inside the wing along the interior of the lead- 
ing edge. (See fig. 3(b) . ) The rechanics involved in 
the heat exchange for the model in this for:;, are explained 
with the aid of figure Z . Heat is transmitted from the 
exhaust tu.be to the wing skin by radiation and convection. 
The transmission by convection is controlled by changing 
the circulation of air through the model interior. Heat 
is picked up by the air between points A and S (fig. o) . 
The air follows a path through the after portion cf the 
wing, as shown in figure 3, and loses a large part of its 
heat- to the wing skin. Any heat remaining in the air is 
lost at the trailing edge through a discharge slot ex- 
tending the entire sprn of the wing. 

In the hot-air system, air was heated b3 r an exhaust 
heater separated from the model, as shown in figure 4. 
A photograph of the model when heated by hot air is shown 
in figure 5(a). The heated air flows along the leading- 
edge of the model and. thence through the after portion, 
as it did when the exhaust tube was used. The heat trans- 
mission and the de-icing tests were made with the model 
adapted for the use of hot air because the r.cre precise 
measurements were obtained with this nethod of heating. 

The exhaust gas from two of the cylinders from the 
airplane engine w a s used as a source of heat in all the 
tests. The rr.it es of flow of the exhaust gas and the air 
involved in the experiments wore measured by the use of 
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orifice meters • Temperature-difference measurements were 
made with thermocouples , while the ami) lent- air temperature 
was read f ror. a s t rut . n e r cury thermomo t e r . The tempera- 
ture changes measured in the exhaust gas and the circulated 
air, coLCiaoc. with the gas and the air-flow measurements, 
permitted a definition of the heat exchange in the model* 
The nature of the heat distribution was observed from tem- 
perature- measurements at numerous points on the model skin. 
The positions of the shin t h e rm o c oupl e s are shown in fig- 
ures 3 and 4* , 

'The wing was mounted on a support tube- running span- 
wise at the 25-percent chord point and at the trail ing- 
edge midpoint, as is shewn in figure 2(a). The angle of 
attach of the model could be changed in flight by the ro- 
tation of the threaded rod extending upward from the lower 
airplane wing- to the trailing edge of the model. All the 
tests *were made at zero angle of attach. She attitude of 
the. model was adjusted by ecuali:in^ the pressures of two 
static orifices at geometrically similar positions on the 
upper and the lower surfaces. 

Visual records were obtained by photographing the ice 
formations and their removal with a 35 mm motion-picture 
camera. The camera and the mounting are shewn in figure !• 
Icing conditions were simulated by the discharge of water 
from spray nozzles in front of the model. The desired 
temperatures were obtained by flying at the proper altitude . 
The spray nozzles in operation are shewn in figure 5(b). 

Other appa'ratns for mahing the mea.surem.ents, such as 
m i 11 i voltmeter , pressure recorders, heating controls, and 
thermocouple selector switches, were located in the ob- 
s ervor * s cockpit . 

Tost r-roecduro .- All the tests were made at an air 
speed of ICC miles per hour and , as has been noted, at 
zero angle of attach. The heat transmission tests were 
male in "dry" air (no visible moisture) and in misty cloud 
formations which wc-re thick enougli to cause the wing sur- 
face to become thoroughly wetted. -he tests in the clouds 
were taken to be representative of actual icing conditions, 
except that the temperature of the air was, above, instead 
of below, 52° F. Because the tests were made to measure 
the 'heat transmission in which the temperature difference 
Was observed, this deviation is believed to be a valid 
procedure, IIg attempt was made, therefore, to conduct 
these flights at any -particular air temperature. 
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De-icing tests vero nado with air temperatures he~ 
tweon 17° and 25° 7 . The spray nozzles produced a water- 
drop content in the air stream comparable with that in a 
very severe icing condition. A distinction was made in 
the testing procedure between ice prevention and ice re- 
moval. Ice-prevent icn tests were nade to measure the 
heating requirements for the prohibition of any ice on 
the ncdel w:ing« The ieo-rcnoval tests were nade to ob- 
serve the operation of and to neasv.ro the heat required 
for the removal of ice formed before the heat was turned 
on. Motion pictures were taken during the ice-prevention 
and the ice-roncval tests. 



RESULTS ASU DISCU3SIC1T 
Char act e ri sties of Exh aus t -Tub e Sy s t en 

The results of the tests tc determine the capacity of 
the exhaust-tube model tc remove heat from the exhaust gas 
are given in table I. The data indicate that the use of 
an exhaust tube in the leading edge of the wing provided a 
system that removed 30 to 35 percent of the heat from the 
exhaust gas entering the wing. 

It was further observed that, by a reduction of the 
amount of air circulated within the wing, the capacity to 
extract heat from the exhaust gas was reduced only slightly 
and that .a larger portion of the heat was dissipated from 
the forward 30-perccnt portion of the wing. Accordingly, 
the temperature rise of the leading-edge region was in- 
creased and the temperature rise of the after portion was 
decreased when the circulation of air was di s c ont inuc d by 
sealing the baffle. The temperature rise of the after 
portion of the wing when the air circulation is stoppel 
is largely due to the transfer of heat from the leading 
edge in a rearward direction through the boundary air* 
Although a chordwise distribution of heat may bo obtained 
by the air convection over the outside of the wing, the 
heat given to the boundary-layer air forward can be only 
partly recovered by the wing surface rearward; therefore, 
heat is wasted. The most efficient use of the heat is 
obtained when the distribution results in a uniform tem- 
perature rise over the region that is to be protected. 

Although the reduction of the quantity of air cir- 
culated through the wing may result in a reduction of the 
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efficiency of the heating of the entire wing surface, a 
consideration of other factors indicates that the concen- 
tration of her. t at the leading edge nay he desirable* 
Some provision for increasing the quantity of heat that 
can he directed to the leading edge is desirable when 
oitr e "a e 1 y severe icing conditions are encountered. The 
leading edge should always he kept free fron ice, even 
though accretions nay form on the after portion of the 
wing because , as is shown by reference 3, surface protu- 
berances over the forward 30-percent portion of the wing 
are of greater ham to the aero dynamic efficiency than are 
protuberances on the after portion. Recent flight tests 
on a wing that was equipped with an inflatable de-icer 
emphasized the conclusions of reference 3. The flight 
tests nade on a full-scale wing with a mean aerodynamic 
chord of 94 inches showed that simulated ice formations 
1/2-inch high in the vicinity of the de-icer attachment 
strips, which are about ? percent hack fron the loading 
ed^e , resulted in a prcfilo-dra^ increase of nore than 
35C percent and a decrease in Ct x of 59 percent. 

Attention is called to the fact that the present re- 
sults do net confirm the conclusions Irawn from the pre- 
liminary tests of reference 1 as regards the effective- 
ness of heating only the leading edge* In the tunnel 
tests, a heating system that maintained the forward 10- 
percent portion of a model above 200° F under dry-air 
conditions had sufficient capacity to prevent and to re- 
move ice formations over the entire win-.. In the flight 
tests with the present model, elininating the circulated 
air produced shin-temperature rises of about £00° F over 
the forward 18 percent of the model, hut ice formed on 
the afterhody when the wing was subjected to icing condi— 
t i ens . 

Meteorological observations indicate that icin^ con- 
ditions of great severity usually occur ever only a lim- 
ited geographical area and altitude rr,nro. A de-icing 
system, therefore , that can concentrate heat on the lead- 
ing ed^e of the Wing at the expense of the t railin^-ed^e 
region is helieved to he of particular value in storms 
of ..;reat severity "because the leading edge can he kept 
continuously clear, and the ice which may form near the 
trailing ed^e of the win^ can he removed after the storm 
center has been passed. 
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Heat Transmission Tests 



The transmission of heat from the nodel win^ is given 
in coefficient f orn in table II. A comparison of the re- 
sults obtained in the present investigation with those 
given in reference 2 is nr.de pess i Die by the inclusion in 
the table of a calculated heat-transf er coefficient based 
on the wing chord and the air—stream velocity during the 
present tests. The heat— transfer coefficient a was cal- 
culated from the formula 



in which Q, is the heat transmitted from the node! wing* 
Btu per hour; AT, the average temperature rise of the 
nodcl skin above ambient air, degrees Fahrenheit; and 
A, the total surface area of the model 9 square feet, 
(in this report the total surface area is appr oxiinat ed 
by usin : ~ a value equal to twice the product of the wing 
span and chord.) It is noted that the dry-air coeffieicent 
obtained in the present tests is ahcut 82 percent of the 
calculated values from reference 2. The fact that the 
present tests were made with an iTAGA 000G airfoil, whereas 
the previous work was done on a Clark T section, nay ex- 
plain the difference. The present neasur cr<c::t s are be- 
lieved to he accurate to within jp5 percent. 

The possibility of deriving equations that would 
nake the results of the present model flight tests appli- 
cable to full-scale design was suggested by a study of 
reference 2. From the data provided in this reference, 
an equation was derived to express the hcat-t ra.nsf or coef- 
ficient for any airfoil of a known chord and at any veloc- 
ity, provided that the coefficient is available for an 
airfoil that is similar in section, of a known chord, and 
tested at a known velocity. 

The derived equation is: 



a = 



A 3? ( A ) 



n 




CD 



in which 



a heat transfer coefficient , Btu/hour / s quar e foot/ 
degree Pahreuhe it 
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c w i n g chord, fee t 

V velocity, alios per hour 

n exponent de ternine'd by angle of attack 

and the subscript 

o denotes present test conditions- 

JFron reference 2, at cruising angles of attack n 
is approximately 0, S« It soer:s nore reasonable that n 
could bo expressed as a function of the averaae air ve- 
locity over the surface in fUeStion rather than as a 
function of the an L ;le of attack , as in reference 2. Some 
characteristic of the airfoil, such as the lift coeffi- 
cient, could then he used to replace the average-velocity 
tern, and the exponent n would have a mere general 
n caning. 3ecause fur :l:r data are rot available, however, 
the value of 0-8 used is assumed' to "be correct* If the 
values from the present tests of 20, 100, and 3 arc sub- 
stituted in equation (l) for a Q , V 0 , and o Q , respec- 
tively 7- , the following equation is v;ri t ton: 

a == 0*6 ■ s g \2) 
c 

If it can he assumed that a uniform temperature rise 

has been obtained over the entire airplane wing, the rnin- 

ir.un heat required to prevent ice formations , Qnin > ^ s 
^iven by 

Q, lin = a (32 ~ f) A (3) 

in which T is the anbiont-air temperature, decrees 
Fahrenheit; A, the total surface area heated, square 
feet; and | is ^ivon in 3tu per hour. The minimum heat 
Qmin in ay be expressed as a function. of airplane chord 
and speed, and the ar/ient-air temperature nay be expressed 
by substituting the value of a f r on quation (.?) in ecpna- 
t ion (o) 

B 0*6 ^LJL. \o2 - 2) A (4) 

If the temperature rise over the wing is not uniform, the 
required heat according to e ouaticn (c) will be in error, 
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the extent of which will depend upon the tcnporature vari- 
ation over the wing* 



Ic o-Provent ion and Ice-Bon oval Tests 

The temperature rise, during the ic e-pr event i on tests, 
over the model wing surface varied rather widely from the 
leading edge to the at Jailing cl^c; therefore it was ex- 
pected that the heat expended for ice prevention would he 
in excess of the calculated heat required. 

The results of the i c e-pr event i on and the ic c-r emoval 
tests are givQaa in ta^ie III. Several of the ic e -removal 
tests were repeated for photographic proposes , during 
whi ch flights ice f or:uat i ons en the leading edge varying 
f ron 1/2 to 1 inch in thickness were renovod 10 to 30 sec- 
onds after the heat v/as admitted to the nodel* The re- 
sults f ron two different i c e -pr 9 ve nt i or tests are included 
in the table. In the first tests, the heat supplied was 
gradually reduced until ice formations were noted; then 
the heat was slowly increased until all the ice was re- 
moved. In the second tests, the heat was reduced until 
the ice started for form but did not spread beyond a small 
region near the trailing edge. The residual ice on the 
wing during a typical test of this kind is shown in figure 
6, 

Cn a "basis of the heat-* transmi s s ion tests, the heat 
input of 567 Btu per hour per square foot corresponds to 
an average calculated temperature rise of about 50° F. 
Because the outside-air temperature was 24° F, a tempera- 
ture rise of only 3° F was required. Thus, without a 
uniform temperature rise, the quantity of heat required 
for ice prevention would "be several times as great as 
would he predicted by the use of equation (3). 

Several ice-removal tests were made to observe, with 
the motion-picture camera, the manner in which the ice was 
eliminated. In each instance, the ice covering the lead- 
ing edge v/as removed in less than 30 seconds and, as shown 
by the results in table III, in as low as 10 seconds. Fig- 
ure 7 shows the type of ice formation that was removed, 
and figure 8 shows the same formation a few seconds after 
the heated air v/as admitted to the wing. The blurred re- 
gions on the photograph are pieces of ice "being blown away 
from the wing. Ice formations cn the after portion of the 
wing were readily removed when heated air was circulated 
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throughout the interior of the wing. When the model that 
was heated by the exhaust tube was tested without internal 
air circulation, the removal of ice from regions near the 
trailing edge (icing conditions "being discontinued) was 
slow, and a greater Dotal quantity of heat was employed 
than during other successful Ice— removal tests. 



Application of Test Results 

Ihe design of ice-prevention equipment that uses ex- 
haust heat is principally a problem of heat distribution. 
The important considerations in the problem arc: vD the 
range of ambient-air temperature over which protection Is 
desired; (2) the ratio of exhaust thermal energy to the 
surface area to be protected; and (3) the extent to which 
a uniform temperature rise can be obtained over the heated 
region. 

For any particular geographical location, the tempera 
ture range common to icing conditions is a factor that can 
be defined only by statistics. The information of the torn 
peratures at which icing conditions have occurred on the 
North American continent is limited. On a basis of report 
on air-line operations within the United States, however, 
severe icing occurs with the greatest frequency at tempera 
fares above 15° F. Reports received indicate that in 
Canada severe icing conditions occasionally occur at still 
lower temperatures. Inasmuch as the most common icing con 
dition occurs Just slightly under freezing temperature and 
at the higher temperatures the largest amount of water is 
encountered, it will be assumed, for purposes of this 
analysis, that the temperature rise over the protected 
area must he not less than 17° I. This rise would be suf- 
ficient to give ice protection at air temperatures ox 15 
F or above, provided that the temperature distribution 
over the wing surface is uniform. 

An analysis has been made on the oasis of the charac- 
teristics of 12 modem transport airplanes to determine 
what temperature rise might reasonably be expected if 30 
percent of the available exhaust heat is applied to wing 
heating. Although several assumptions and qualifications 
must be made in such a study, it is believed that this 
analysis is a good indication of the applicability of the 
exhaust heating system. Two assumptions have teen made: 
(i), that the available exhaust heat is equal to the- en- 
gine power at maximum speed; and (2), that this heat will 
be uniformly applied to the entire wing surface. Actually 
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the exhaust-gas energy wasted by the modern engine is in 
excess of the useful power and, therefore, if the heat is 
used economically, the first assumption will "be valid, 
The second assumption also appears to he conservative. be— 
cause portions of the wing covered by the fuselage or en- 
gine nacelles nay not require protection from ice forma- 
tions* It nay he shown by reference 3 that a large part 
of the lifting surface in the t railing-edge region could 
he covered with ice and would not produce a great loss 
in aerodynamic efficiency of the airplane, although a pro- 
tection for the flaps and the ailerons should be provided. 

On the basis of these assumptions and the results of 
the present investigation, the temperature rise resulting 
from the use of an exhaust tube inside the leading edge 
of the Wing has "been calculated. An approximation of the 
applied heat per square foot, q, is given by the equa- 
tion 

q = (^") , B tu/hour / s quar e foot (5) 

in which 

P engine pov/er at ^ max $ Btu per hour 
S wing area, square feet 

E exchange efficiency of heating system, 30 percent 

The transmission coefficient has aeon calculated iron 
equation (2) for the 12 transport airplanes previously 
mentioned on a basis of the average wing chord and maxi- 
mum velocity V n . ax# Pro- a knowledge of the heat applied 
q and the heat- transfer coefficient a, an average tem- 
perature rise AT for the lifting surfaces has been cal- 
culated by the use of the equation 



AT - & 

a 

The results of these calculations are shown plotted in 
figure 9, whi ch indicates that a satisfactory temperature 
rise can he obtained* The plotted points that show the 
greatest wing-r surf ace temperature rise "refer to the most 
recent airplane designs, which indicates that the present 
design trend is t o ward a greater potential heating capac- 
ity for the wing surface. 
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When the excess tenperaf&fce .rise in figure 9 is con- 
sidered, that is, the horizontal displacement of the plot- 
ted points fron the line that is designated 17° ?, it 
should "be renenbered that the location of .the points is 
"based upon the uniform di stribut ion of the temperature. 
In any practical case, some departure f r.om this condition 
will "be noted and a smaller temperature rise than indicate, 
will "be obtained., . , ' 

Experience in the design and the operation of wing- 
heating s/stens for de-icing should "bring improvement s in 
the uniformity of heat distribution and greater efficiency 
in removal of heat from the exhaust gas. In view of the 
favorable results of ITACA investigations on the applica- 
tion of heat in de-icing and also in consideration of the 
reports that have "been received describing the successful 
application of exhaust-heat de-icing on numerous four- 
engine transport airplanes in Grernany , it is believed that 
full-scale application of this method should be undertaken 
at an early date in the 'Jnited States. A full-scale ap- 
plication of e::haus t-he at de-icing is planned by the LA.CA 
in cooperation with the Army Air Corps, from which it is 
hoped will be obtained additional data on the application 
amid the operation of this heating method* 

CONCLUSIONS 



1. A wing with an exhaust— gas tube running spanwise 
inside of the leading edge provided a system capable of 
removing 30 to 35 percent of the heat from the exhaust gas 
entering the wing, 

2m Ecat-transnission tests in misty cloud formations 
indicated that the heat required for ice prevention may be 
calciilatcd from an equation involving the airplane speed 
and chord, and the ambient— air temperature* 

Langley Memorial Aeronautical Laboratory, 

Ifational Advisory Committee for Aeronautics, 
Langley Field, Ya. , September 24, 1940. 
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TABLE I.- Heat Exchange Data from Exhaust -Tube -Mo del Tests 



'1 

Air circulated! 
through model 

(lb/sec) 


Heat content 
of exhaust 
gas entering 
model wing 
above 

ambient air 
(Btu/hr) 


Heat removed 
from exhaust 
gas "by model 

(Btu/hr) 


Heat trans- 
mitted 
through 
skin of 
model 

(Btu/hr) 


1 ■ 

Percentage 
of heat 
entering 
wing 
removed 
by model 
system 


Percentage 
of removed 
heat trans- 
mitted 
through 
model skin 


Efficiency 
of exhaust 
tube model 

r 

O 

(percent) $ 


0.19 
.16 

0 


259,000 
251,000 
2 84,000 


100,500 
86,000 
96,000 


89,000 
74,500 
9 6,000 


39 
34 
34 


89 
87 
100 


131 

34 £ 

P 

30 

c 

34 £ 

CD 



o 



00 

w 



H 

05 



TABLE II.- Keat Transirission Data from Kot-Air-Model Tests 



Weight of air 


Heat added to 


Heat trans- 


1 

Efficiency 


Ave ra 5 ~ o 


Heat 


Calculated 


Surface 


circulated 


circulated 


mitted fron 


of r.odel 


tonporature 


transmission 


heat trans- 


condition 




air 


model skin, 


heat ox- 


rise of 


coefficient, 


mission 


of wing 






0 




n n r\ "1 qVt n 




L/UUll J. L. 1. U 11 U 












above 




from refer- 












ambient air 




ence 2 




(lb/scc) 


(3tu/hr) 


(3tu/hr) 




AT 


(Btu/hr/ 


(Btu/hr/ 




(percent) 


(°F) 


sq ft/°E) 


sq ft/o?) 




CIS 


44 g COO 


30,500 


59 


7G.3 


16.2 


15.7 


Dry 


.19 


45 , 000 


29,900 


66 


65.3 


19.1 

- 




Wet 



TiDLE III,- Ice-Prevention and Ice-Bonoval Data (Hot-Air Model Wing) 



lir circulated Eeat dissipated Outside air Type of tests 



(lVsoc) 



0.08 



.045 



.176 



through nod©! tenperaturo 
skin 

(3tu/hr/sq ft) °v 



>17 



567 



1300 



2'6 



Renarks 



Prevention Ice prevented over 
j entire wing 

Prevention J Ice fomed alon- the 
trailing edge (bee 
fig. 6) 



Eenioval 



Ico removed over the 
loading edge in 10 sec- 
onds . 




Figure 2b.- 



Model wing in construction showing exhaust tube along interior 
of leading edge. 
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Figs. 3,4 




Figure 3.- 8et-up of wing heated by exhaust tube, showing path of exhaust gas and air through 
the model and the location of skin-temperature thermocouple e, x. 




Figure 4 Bet-up of wing heated by hot air, showing path of heated air through the model and 
the Xooation of e kin-temperature thermocouples. 
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Fig. 5a 




Figure 5a- Wing, heated by hot air, mounted on XBM airplane for flight teste. 
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Figs, 5b, 6 
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Figs. 7,8 






Figure Nature of ice formation on model wing prior to application 
of heat. 





Figure 8 D - Large pieces of ice being blown away lees than 10 seconds 
after hot air was admitted to the wing 
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10 20 30 40 50 

Wing-surface temperature rise, AT, °J 

Figure 9.- The calculated temperature rise for 12 modern 
transport airplanes, (17°E is temperature rise 
required for ice prevention at 15°F ) 



